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I. SUMMARY 
The work c a r r i e d  o u t  under t h i s  c o n t r a c t  has  been designed t o  i n -  
v e s t i g a t e  and s o l v e  t h e  problems t h a t  have a r i s e n  i n  l abora to ry  s t u d i e s  
of CO, pho to lys i s  i n  t h e  vacuum uv s p e c t r a l  reg ion ,  and t o  apply any 
new informat ion  thus  obtained t o  models of t h e  Mart ian and Venusian 
atmospheres. The-program has been success fu l ;  accomplishments inc lude  
development of a n  oxygen resonance r a d i a t i o n  source  f o r  determining 
O ( , P )  atom concen t r a t ions  by resonance f luorescence ,  measurements of 
primary O(’D) and secondary O(,P) quantum y i e l d s  i n  CO, pho to lys i s ,  
measurements of t h e  r a t e  of t h e  three-body CO, recombination r e a c t i o n ,  
O(3P) + CO + M -$ CO, + M y  de te rmina t ion  of t h e  O(’D)-CO, i n t e r a c t i o n  
r a t e ,  and t h e  f i r s t  observa t ions  i n  a new a rea  of spectroscopy i n -  
volving forced  resonance f luorescence  processes  i n  c e r t a i n  CO t r i p l e t  
systems. The CO, s t u d i e s  i n d i c a t e  t h a t  t h e  p a r t i c i p a t i o n  of CO, i n  
processes  t ak ing  p l ace  i n  t h e  p l ane ta ry  atmospheres is un l ike ly .  
I Io INTRODUCTION 
The s tudy  o f  CO, p h o t o l y s i s  processes  i s  of  g r e a t  re levance  t o  t h e  
Mart ian and Venusian atmospheres, because CO, appears  t o  be t h e  p r i n -  
c i p a l  component of t h e s e  atmospheres. However, t h e  ques t ion  of what 
p r e c i s e l y  happens when CO, i s  sub jec t ed  t o  d i s s o c i a t i n g  r a d i a t i o n  has  
been a m a t t e r  of cons ide rab le  controversy,  both from t h e  po in t  of view 
of l abora to ry  s t u d i e s ,  and a l s o  from t h e  evidence obtained from plan-  
e t a r y  probes and ground-based observa t ions  of t h e  p l ane t s .  
The l abora to ry  s t u d i e s  have ind ica t ed  two a r e a s  of unce r t a in ty .  
F i r s t ,  t h e  pho to lys i s  o f  CO, i n  t h e  1200 t o  1700-li reg ion  is  expected 
t o  lead  t o  CO and 0, a s  products ,  i n  a r a t i o  of 2:l. 
years ,  measurements of  t h i s  r a t i o  have va r i ed  from 1OO:l t o  1.5:1, and 
Over t h e  l a s t  t e n  
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hypotheses v a r i o u s l y  involving ozone formation, CO, formation, and w a l l  
e f f e c t s  have been pu t  forward t o  e x p l a i n  t h e s e  observat ions.  Second, 
d i s s o c i a t i o n  i n  t h i s  wavelength r eg ion  i s  expected t o  produce a n  oxygen 
atom i n  the e x c i t e d  ID s t a t e ;  s t u d i e s  of t he  d e a c t i v a t i o n  r a t e  of t h i s  
atom by CO, have va r i ed  by two o r d e r s  of magnitude, and t h e  a c t u a l  r a t e  
c o n s t a n t  is  of cons ide rab le  importance i n  modeling t h e  p l a n e t a r y  
atmospheres. 
The p l a n e t a r y  measurements have i n d i c a t e d  t h a t ,  c o n t r a r y  t o  expec- 
t a t i o n ,  the  CO, atmospheres appear t o  be s t a b l e .  I n  o t h e r  words, there 
appears  t o  be an  e f f i c i e n t  recombination process  f o r  reforming CO, from 
the  CO and 0 atoms t h a t  a r e  c e r t a i n l y  being produced under t h e  i n f l u -  
ence of s o l a r  r a d i a t i o n .  The evidence f o r  t h i s  is t h a t  the  concentra-  
t i o n s  of 02, CO, and 0 atoms a r e  a l l  very sma l l  compared t o  what would 
be expected a t  a n  equ i l ib r ium involving known processes .  The most 
r e c e n t  hypothesis  t o  e x p l a i n  such a n  atmospheric composition has i n -  
volved the  CO, molecule. 
The p r e s e n t  work was undertaken t o  ach ieve  a g r e a t e r  understanding 
of the C0,-CO-0 system. 
would be u s e f u l  t o  develop resonance f luo rescence  a s  a method f o r  
measuring ground s t a t e  oxygen atoms, and a good d e a l  of the e f f o r t  was 
put  i n t o  developing and t e s t i n g  the  technique on r e a c t i o n s  of i n t e r e s t ,  
with an eye t o  f u t u r e  a p p l i c a t i o n s  on r o c k e t  probes. I t  a l s o  became 
apparent  t h a t  resonance f luo rescence  involving CO was a m a t t e r  of g r e a t  
i n t e r e s t ,  and some fundamental s t u d i e s  i n  t h i s  a r e a  were c a r r i e d  out ,  
which a r e  expected t o  be of cons ide rab le  use  i n  t he  f u t u r e .  
Our previous experience had i n d i c a t e d  t h a t  it 
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111. RESULTS 
The fol lowing a r e  t h e  r e s u l t s  of t h e  va r ious  i n v e s t i g a t i o n s  
undertaken: 
A .  Oxvnen Resonance Lamr, 
A l l  of t h e  s t u d i e s  of O(3P) atom r e a c t i o n s  were c a r r i e d  ou t  by 
means of a new technique, resonance f luo rescence  of 01 resonance r a d i a -  
t i o n  a t  1302, 1305, and 1306 l .  
a 1% 0 , -Ar  m ix tu re  was t h e  l i g h t  source,  and t h e  r a d i a t i o n  was moni- 
tored by a s o l a r  b l i n d  pho tomul t ip l i e r .  With no f u r t h e r  improvement i n  
t h e  design,  O(3P) concen t r a t ions  i n  t h e  lo* t o  lo1, atoms/cm3 range can 
be measured, which is  j u s t  t h e  range of i n t e r e s t  i n  t h e  e a r t h ' s  atmos- 
phere, making t h e  technique of g r e a t  i n t e r e s t  f o r  rocke t  probe 
measurements. 
A s imp le  microwave-powered lamp using 
B. O(3P) Product ion i n  1470 1 CO, P h o t o l y s i s  
Eva lua t ion  of t h e  O( 3P) y i e l d  produced i n  CO, pho to lys i s  r e l a t i v e  
t o  t h a t  produced i n  0, p h o t o l y s i s  shows t h a t  f o r  equa l  abso rp t ions ,  
e x a c t l y  h a l f  a s  many atoms a r e  made from CO, a s  from 0,. Since,  i n  t h e  
0, case,  abso rp t ion  i s  i n t o  t h e  Schumann-Runge continuum, t h e r e  a r e  
c e r t a i n l y  two 0 atoms formed f o r  every photon absorbed. Thus, f o r  CO,, 
one O ( 3 P )  atom r e s u l t s  from each absorbed photon. 
hope fu l ly  s o l v e s  completely t h e  problems encountered i n  previous 
s t u d i e s ,  where product ana lyses  showed O,/CO r a t i o s  varying from 0 t o  
0.6, i n s t e a d  of t h e  s t o i c h i o m e t r i c  va lue  of 0.50. I t  i s  now c l e a r  t h a t  
O(3P) i s  formed i n  t h e  expected amount, s o  t h a t  t h e  subsequent l o s s e s  
r e s u l t i n g  i n  low 0, amounts a r e  due t o  wa l l  i n t e r a c t i o n s  or, depending 
This obse rva t ion  
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on cond i t ions ,  t o  ozone formation, bu t  a r e  n o t  due t o  p e c u l i a r i t i e s  of 
t h e  CO, p h o t o l y s i s  process  or t o  CO, formation. 
C. O(lD) Quantum Yield From CO, Pho to lys i s  a t  1470 i, and O(lD)-CO, 
I n t e r a c t i o n  Rate 
Although one O(3P) atom r e s u l t s  from each absorbed photon, t h e  
hv 
i n i t i a l  pho tod i s soc ia t ion  proceeds through t h e  r e a c t i o n  CO, CO + 
O('D). The f a c t  t h a t  a l l  the 0 atoms a r e  subsequent ly  observed a s  
O(3P) means t h a t  d e a c t i v a t i o n  of O(lD) must be t h e  only r e s u l t  of an  
O(lD)-CO, i n t e r a c t i o n :  
O( 'D) i s  indeed the i n i t i a l  product,  compet i t ive quenching experiments 
w i t h  H, were used t o  show t h a t  H,., a known r e a c t a n t  with O('D) [O('D) + 
H, -.) OH + H I ,  can prevent  formation of O(3P). 
shows t h a t  t h e r e  can be no O(3P) produced i n  the  i n i t i a l  photodissoci-  
a t i o n .  Stern-Volmer p l o t s  of compet i t ive quenching between CO,, H 
and N, were evaluated t o  o b t a i n  a va lue  of 0.26 f o r  kN /kCo 
t i v e  r a t e  cons t an t  r a t i o  of N, and CO, f o r  quenching O(lD). 
ber i s  i n  agreement wi th  the  r e s u l t s  of f i v e  previous s t u d i e s .  A s  k N  
i s  known, the CO, r a t e  cons t an t  t u r n s  out  t o  be ( 3 f l )  x 10-l' om3 
molec-l s ec - l .  The disagreement between our  p r e s e n t  (and former) re- 
s u l t s  and those  of Noxonl f o r  t h i s  r a t e  cons t an t  have now been r e so lved  
i n  our  favor ,  a s  Noxon has concluded t h a t  h i s  i n t e r p r e t a t i o n  of h i s  
experiment was i n  e r r o r .  
O('D) + CO, 4 O(3P) + CO,. To demonstrate t h a t  
Analysis  of t h e  da t a  
2,  
t he  r e l a -  
2 2 3  
This num- 
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D. R a t e  Constants f o r  O(3P) + CO + M -., CO, + M 
Because of t he  p o s s i b l e  importance of t h i s  r e a c t i o n  i n  t h e  plan-  
t a r y  atmospheres, and i n  o r d e r  -to t r y  out  t h e  resonance f luo rescence  
'J. F. Noxon, J. Chem. Phys. 52 -' 1852 (1970).  
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technique on a poorly understood r e a c t i o n ,  r a t e  c o n s t a n t s  were evalu-  
a t e d  f o r  t h e  CO, recombination r e a c t i o n ,  
s u r f a c e  O(,P) l o s s e s  caused by t h e  presence of CO, which may bear  some 
r e l a t i o n s h i p  t o  processes  t ak ing  p l a c e  i n  t h e  p l a n e t a r y  atmospheres. 
Using pulsed e x c i t a t i o n  techniques,  and measuring t h e  subsequent decay 
of t h e  O(,P) resonance f luo rescence  s i g n a l  ( t h e  atoms being produced 
from 0, p h o t o l y s i s  a t  1470 i), a b s o l u t e  r a t e  c o n s t a n t s  were determined 
f o r  M = H e ,  Ar, and N,. 
s p e c i e s  of p r i n c i p a l  i n t e r e s t ,  i s  2 x 
Temperature measurements a r e  now needed t o  determine t h e  r a t e  c o n s t a n t  
a t  t h e  much lower temperatures  of t h e  Mars and Venus atmospheres; t h e  
r a t e  cons t an t  i s  expected t o  be h ighe r ,  bu t  n o t  enough t o  make t h e  
recombination of much s i g n i f i c a n c e  a t  h igh  a l t i t u d e s .  
Problems were encountered with 
The most probable  va lue  for M = CO,, t h e  
cm6 molec-2 sec-' a t  300°K. 
To demonstrate t h e  accuracy of t h e  technique, t h e  r e a c t i o n s  
O ( , P )  + 0, + M -+ 0, + M and O(3P) + NO + M -+NO,  + M were a l s o  s tud ied ,  
and r e a c t i o n  r a t e  c o n s t a n t s  agreed with those  obtained by o t h e r s .  
E. The Role of CO, 
There i s  no i n d i c a t i o n  of any e f f e c t s  due t o  CO, dur ing CO, photol-  
y s i s .  The f a c t  t h a t  O ( l D )  d e a c t i v a t i o n  proceeds a t  c o l l i s i o n  frequency, 
and may even invo lve  f a s t  O( I D )  atoms, t ends  t o  preclude processes  such 
a s  CO, + O('D) -+ CO: -t CO, + hv, a s  two-body recombinations of t h i s  
type a r e  i n v a r i a b l y  slow. Even i f  CO, were formed, t h e  appearance of 
t h e  t o t a l  expected amount of O(,P) would i n d i c a t e  t h a t  i t  i s  no t  a very 
s t a b l e  spec ie s .  Furthermore, CO, i s  of va lue  i n  t h e  atmospheric models 
only i f  i t  keeps t h e  CO concen t r a t ion  down, by t h e  r e a c t i o n  CO, + CO -* 
2 CO,. 
e f f e c t ,  and i f  i t  i s  e n t i r e l y  a t t r i b u t e d  t o  t h i s  r e a c t i o n ,  an  upper 
Addit ion of CO t o  CO, du r ing  p h o t o l y s i s  has  only a s l i g h t  
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bound of cm3 molec" sec-l i s  obtained f o r  the r a t e  cons t an t ,  a 
va lue  t o o  low t o  be important i n  the atmospheric models. 
F. CO P e r t u r b a t i o n  Spectrum 
Cons t ruc t ion  of t h e  f i r s t  oxygen lamp revea led  t h a t  i ts ou tpu t  was 
contaminated by the CO Fourth P o s i t i v e  system, which r e s u l t e d  i n  f l u o -  
rescence i n  both t h e  uv and v i s i b l e  s p e c t r a l  r eg ions  when t h e  lamp was 
directed i n t o  a c e l l  con ta in ing  CO. The uv f luo rescence  i s  the ex- 
pected resonance f l u o r e s c e n c e Y 2  but  t h e  v i s i b l e  f luo rescence  i s  a new 
phenomenon, and was i n v e s t i g a t e d  f u r t h e r  u s ing  lamps d e l i b e r a t e l y  con- 
taminated w i t h  CO. High r e s o l u t i o n  s p e c t r a  of the emission l e d  t o  the  
conclusion t h a t  the  e x c i t a t i o n  process  was a l s o  resonance f luorescence,  
bu t  whereas i n  the uv the a b s o r p t i o n  i s  A l l 7  
t r a n s i t i o n ,  the v i s i b l e  emission (d3A -+ a3U) i s  due t o  d3A + X1c 
absorp t ion .  This i s  a forbidden t r a n s i t i o n ,  but  because of pe r tu rba -  
t i o n s  between c e r t a i n  r o t a t i o n a l  l e v e l s  of the d30 and A 1 n  s t a t e s ,  i t  
becomes allowed f o r  t h e s e  l e v e l s ,  so t h a t  a method f o r  populat ing t h e  
d3A s t a t e  becomes a v a i l a b l e .  T h i s  is a process  t h a t  had been p red ic t ed3  
but  t h e  p re sen t  work is the f i r s t  experimental  v e r i f i c a t i o n .  This  i s  
the  most e f f i c i e n t  p h o t o l y t i c  process  y e t  observed f o r  populat ing t h e  
a317 s t a t e ,  and w i l l  make d e t a i l e d  s t u d i e s  of i ts  r e a c t i o n s  p o s s i b l e .  
+ 
X'C , a f u l l y  allowed 
+ 
'T. G. Slanger  and G. Black, J. Chem. Phys. 51, - 4534 (1969). 
3 G .  Herzberg, p r i v a t e  communication. 
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IV.  PUBLICATIONS 
The experimental  r e s u l t s  have been or a r e  soon t o  be published 
under t h e  fol lowing t i t les :  
11 1. The P e r t u r b a t i o n  Spectrum of COYtr  Chem. Phys. Let ters  4, 558 
(1970). 
2. t tReact ion Rate  Measurements of O ( 3 P )  Atoms by Resonance F luo res -  
cence. 
J. Chem. Phys. 53 3717 (1970). 
I. o ( ~ P )  + 0, + M - 0, + M, o ( 3 ~ )  + NO + M 4 NO, + M," 
-, 
3. l tReaction Rate Measurements of O(3P) Atoms by Resonance F luo res -  
cence. 
(1970). 
11. O(3P) + CO + M -, CO, + M y t t  J. Chem. Phys. 53, 3722 -
4 .  '!The CO, P h o t o l y s i s  Problem" (submit ted t o  J. Chem. Phys. ) 
The l a s t  paper appears  as  an Appendix. Eighty-f ive percent  of t h e  
r e s e a r c h  involved i n  t h e s e  fou r  p u b l i c a t i o n s  was supported by t h i s  NASA 
c o n t r a c t .  Graham Black was co-author on a l l  t h e  pub l i ca t ions .  
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st. 
THE CO, PHOTOLYSIS PROBLEM 
Tom G. S langer  and Graham Black 
S tan fo rd  Research I n s t i t u t e  
Menlo Park,  C a l i f o r n i a  94025 
ABSTRACT 
The p h o t o l y s i s  of CO, has  been i n v e s t i g a t e d  a t  1470 k t o  d e t e r -  
mine t h e  O ( l D )  quantum y i e l d  and t h e  subsequent  O(3P) y i e l d  r e s u l t i n g  
from O( 'D> d e a c t i v a t i o n ,  t h e  O( lD)-CO, i n t e r a c t i o n  r a t e  cons t an t ,  and 
t h e  p o s s i b l e  r o l e  of CO, i n  t h e  o v e r a l l  p rocess .  U t i l i z i n g  t h e  1302- 
1306 
monitored dur ing  0, and CO, p h o t o l y s i s .  By measuring both t h e  i n t e n s i t y  
and decay t i m e  c o n s t a n t s  f o r  t h e  f luorescence ,  i t  could be concluded 
t h a t  each photon absorbed by CO, u l t i m a t e l y  r e s u l t e d  i n  an O(3P) atom. 
Th i s  obse rva t ion  sugges t s  t h a t  a l l  p rev ious  de t e rmina t ions  of low 
O2/CO r a t i o s  i n  CO, p h o t o l y s i s  r e l a t e  t o  e f f e c t s  t a k i n g  p l a c e  a f t e r  
O(3P)  has been produced, and it i s  q u i t e  l i k e l y  t h a t  wal l  abso rp t ion  
of O(3P) i s  t h e  dominant p rocess ,  By u t i l i z i n g  compet i t ive  quenching 
between CO,, H,, and N,, i t  was determined t h a t  t h e  O(lD) quantum y i e l d  
i s  un i ty ,  and t h a t  t h e  r a t e  cons t an t  r a t i o  f o r  O(lD> d e a c t i v a t i o n  by N, 
and CO,, k N,'kCO,' 
ga t ions ,  g i v i n g  a CO, r a t e  cons tan t  of 3 i 1 x 10-l' cm3 molec-l sec-l. 
Attempts t o  f i n d  e f fec ts  a t t r i b u t a b l e  t o  CO, p a r t i c i p a t i o n  i n  t h e  sys- 
t e m  were unsuccessfu l ,  and t h e  i m p l i c a t i o n s  f o r  p l a n e t a r y  atmosphere 
models a r e  d i scussed .  
01 t r i p l e t  a s  a resonance f luo rescence  source,  O(3P> atoms were 
i s  0.26, i n  e x c e l l e n t  agreement wi th  o t h e r  i n v e s t i -  
INTRODUCTION 
The gas  phase p h o t o l y s i s  of CO, i n  t h e  vacuum uv has  been t h e  
s u b j e c t  of a cons ide rab le  number of i n v e s t i g a t i o n s  du r ing  t h e  l a s t  15 
years, '-* gene ra l ly  d i r e c t e d  a t  t h e  obse rva t ion  t h a t  t h e  s to i ch iomet ry  
of CO, pho tod i s soc ia t ion  d i d  n o t  appear t o  be c o r r e c t .  
i n  t h e  products ,  which should b e  0 .5 ,  has  been found t o  vary from 0 t o  
The O,/CO r a t i o  
0 .6 ,  and t h e  exp lana t ions  of t h i s  e f f e c t  have u s u a l l y  involved wa l l  
p rocesses ,  ozone formation,  and, i n  t h e  l a s t  few yea r s ,  t h e  e l u s i v e  
CO, molecule.  A l l  of t h i s  work has  involved s t a b l e  product  a n a l y s i s ,  
ana it i s  c l e a r  t h a t  such measurements a r e  only i n d i r e c t  ways of g e t t i n g  
a t  t h r e e  b a s i c  ques t ions :  (1) Is t h e  i n i t i a l  pho tod i s soc ia t ion  s t e p  
1200-1700 descr ibed  by t h e  r e a c t i o n  CO, -3 CO(X1c+) + O('D)? 
so, i s  t h e  quantum y i e l d  for t h i s  p rocess  un i ty?  (3) What i s  t h e  prod- 
u c t  of t h e  CO, - O(lD> i n t e r a c t i o n ?  
(2) I f  
To answer t h e s e  ques t ions ,  i t  i s  obvious t h a t  t h e  sooner  one can 
make measurements i n  t h e  chain s t a r t i n g  wi th  CO, and ending wi th  0,, 
t h e  more informat ion  i s  o b t a i n a b l e .  If t h e  f irst  s t e p  i n  t h e  cha in  i s  
t h e  formation of O( 'D> ,  i t  would be i d e a l  t o  be a b l e  t o  monitor t h i s  
s p e c i e s .  However, t h e  r a d i a t i v e  t r a n s i t i o n  t o  t h e  O(3P)  ground s t a t e  
has  a 100 sec l i f e t i m e ,  and a s  t h e  d e a c t i v a t i o n  of O('D) by CO, i s  ex- 
t r e m e l y  r ap id ,  i t  would be  very d i f f i c u l t  t o  observe  t h i s  emission i n  
t h e  l a b o r a t o r y .  Noxon r epor t ed  d e t e c t i o n  of O('D) emission from CO, 
pho to lys i s5  and concluded t h a t  t h e  d e a c t i v a t i o n  was much slower than  
o t h e r s  have measured by less d i r e c t  however, he  has  s i n c e  
determined t h a t  t h e  obse rva t ion  was erroneous,"  and t h e r e  i s  now gen- 
e r a l  agreement on t h e  very r a p i d  r a t e  of O('D> d e s t r u c t i o n  by CO,. 
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If d i r e c t  O(lD) d e t e c t i o n  i s  imprac t i ca l ,  t h e  next  s p e c i e s  i n  t h e  
cha in  appears  t o  be O(3P>. 
t h a t  O ( l D )  - CO, i n t e r a c t i o n  l e a d s  t o  O ( 3 P )  fo rma t ionY6  r a t h e r  t han  re- 
a c t i o n  v i a  O(lD) + CO, .--) 0, + CO, and t h i s  has  been confirmed by Para- 
skevopoulos and Cvetanovid.8 Therefore ,  monitor ing t h e  O(,P) concen- 
t r a t i o n  should be a v a l i d  way of s tudying  CO, p h o t o l y s i s  processes ,  and 
t h i s  was done i n  our  e a r l i e r  work by means of NO, chemiluminescence. 
However, t h e  system was q u i t e  complicated:  
pho to lys i s ,  l a r g e  amounts of NO w e r e  needed, and i t  was f e l t  t h a t  t h e  
d iscrepancy  between our  measurements and Noxon's might involve  t h e s e  
a d d i t i o n a l  gases .  For t h i s  reason, i t  was decided t o  r e s tudy  t h e  sys-  
tem, us ing  resonance f luo rescence  a s  a technique  f o r  measuring O ( 3 P >  
atoms. The advantages were t h a t  measurements would be  made by phys ica l  
r a t h e r  than chemical means, caus ing  minimum system pe r tu rba t ion ,  and 
t h a t  CO, could be  used a s  t h e  O('D) sou rce  (which was no t  p r a c t i c a l  be- 
f o r e  because CO, and NO have s i m i l a r  abso rp t ion  c r o s s  s e c t i o n s  f o r  
1470 r a d i a t i o n ,  and s i m i l a r  p r e s s u r e s  were r e q u i r e d ) .  
E a r l i e r  work by t h e  au tho r s  demonstrated 
O('D> was genera ted  from 0, 
The p r a c t i c a l  importance of  CO, p h o t o l y s i s  s t u d i e s  i s  t h a t  t h e  
p r i n c i p a l  a tmospheric  component on Venus and Mars i s  CO,, and p l a n e t a r y  
probes and ground-based spectrometry i n d i c a t e  t h a t  t h e  CO and 0, concen- 
t r a t i o n s  a r e  much lower than  expected on t h e  b a s i s  of t h e  supposedly 
kno\vn CO, pho tod i s soc ia t ion  r a t e .  l1, l 2  
posed an atmospheric  model u s ing  CO, t o  exp la in  t h e s e  observa t ions ,  and 
it  i s  c l e a r l y  important  t o  c a r r y  o u t  l a b o r a t o r y  s t u d i e s  t o  determine t h e  
f e a s i b i l i t y  of such an explana t ion .  
McElroy and Hunten13 have pro- 
2 
A l t l i ~ ~ i g l i  t h e  s t r o n g e s t  f e a t u r e  i n  t h e  s o l a r  emission spectrum i n  
t h e  region of i n t e r e s t  (1200-1750 A) i s  Lyman a a t  1216 A, t h e  use  of 
0 
1470 A r a d i a t i o n  a s  t h e  p h o t o l y s i s  sou rce  i s  somewhat more representa-  
t i v e  of t h e  CO, pho tod i s soc ia t ion  process .  Th i s  i s  because 1470 A i s  
near  t h e  c e n t e r  of t h e  CO, abso rp t ion  continuum lead ing  t o  O('D) f o r -  
mation, whereas L-a, i s  a t  t h e  s h o r t  wavelength edge, where t h e  absorp- 
t i o n  c o e f f i c i e n t  i s  q u i t e  l o w .  Using t h e  d a t a  presented  by D e t w i l e r ,  
e t  a1.14 on s o l a r  r a d i a t i o n  a s  a f u n c t i o n  of wavelength and t h e  absorp- 
t i o n  c o e f f i c i e t n  va lues  of Watanabe, et a1. ,15 it may be c a l c u l a t e d  
t h a t  on ly  lo$ of t h e  O('D) produced by CO, pho tod i s soc ia t ion  i n  t h e  
1200-1750 A reg ion  comes from L-a, whereas 55% i s  produced by r a d i a t i o n  
i n  t h e  1425-1625 A range. 
-- 
-- 
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EXPERIMENTAL 
A schematic  drawing of t h e  experimental  arrangement i s  shown i n  
F ig .  1. 
i s  t h e  e l e c t r o n i c  c i r c u i t r y . "  The measurement technique  has  a l s o  been 
p rev ious ly  d iscussed ,  bu t  can b e  qu ick ly  summarized. CO, or 0, i s  d i s -  
s o c i a t e d  by l i g h t  from a 1470 d X e  resonance lamp i n  a f lowing system 
( c e l l  pumpout t i m e  i s  1-2 sec). L i g h t  from an oxygen resonance lamp, 
emi t t i ng  t h e  01 resonance t r i p l e t  a t  1302, 1305, and 1306 d, i s  s c a t -  
t e r e d  from t h e  O ( 3 P )  atoms t h a t  have been produced and i s  measured by 
a so la r -b l ind  pho tomul t ip l i e r  s e n s i t i v e  i n  t h e  1100-2000 H r eg ion .  
X e  lamp i s  opera ted  i n  e i t h e r  a pu lsed  or s t e a d y - s t a t e  mode. I n  t h e  
former case ,  t h e  decay t i m e  cons t an t  of t h e  atoms can be measured a f t e r  
t h e  lamp i s  turned  o f f .  S igna l  i n t e g r a t i o n  techniques  a r e  used t o  make 
p o s s i b l e  a d d i t i o n  of a number of decay curves,  thereby  markedly i m -  
proving t h e  s igna l - to-noise  r a t i o .  Using 2-sec pu l ses ,  5 t o  10-min in-  
The 0, lamp i s  shown i n  more d e t a i l  i n  an e a r l i e r  paper ,16 a s  
The 
t e g r a t i o n  times were used wi th  CO,, and 1 t o  2-min wi th  0,. 
The g a s  f i l t e r  chambers A,  B, and C a r e  used i n  va r ious  ways t o  
block unwanted l i g h t ;  f o r  example, a 1% 0,-N, mixture  i n  chamber C has  
an o p t i c a l  d e n s i t y  of 6.5 f o r  s c a t t e r e d  1470 A r a d i a t i o n  from t h e  X e  
lamp, bu t  a t t e n u a t e s  t h e  1302-1306 A r a d i a t i o n  by only 20%. 
measurements wi th  CO, i t  i s  p o s s i b l e  t h a t  contaminant CO f o u r t h - p o s i t i v e  
r a d i a t i o n  from t h e  0, lamp can g ive  resonance f luo rescence  from t h e  CO 
produced du r ing  pho to lys i s . "  
0.049 CO-N, mixture ,  t o  block t h e  e x c i t i n g  r a d i a t i o n .  
During 
There fo re  chamber A was purged wi th  a 
By use  of t h e  
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f i l t e r  chambers, i t  was e s t a b l i s h e d  t h a t  a t  least 95% of t h e  0, lamp 
emission t r a n s m i t t e d  by t h e  0, f i l t e r  was 01 resonance r a d i a t i o n .  
In t h e  quantum y i e l d  measurements, t h e  rf-powered X e  lamp w a s  r e -  
placed by a l a r g e r  microwave-powered non-pulsed lamp, which had an i n -  
t e n s i t y  approximately s ix  times g r e a t e r .  This  was done t o  make measure- 
ments easier a t  low CO, p r e s s u r e s ,  and a l s o  because t h e  l a r g e r  lamp had 
a f i l t e r  chamber b u i l t  on t o  it t h a t  could be purged with t h e  CO mixture .  
To e s t a b l i s h  a base l i n e  f o r  each d a t a  po in t ,  t h e  chamber was purged wi th  
O,, t hus  b locking  t h e  1470 d r a d i a t i o n .  By t h i s  method, t h e  c o n t r i b u t i o n  
of t h e  oxygen lamp t o  O( 'P) p roduct ion  can be ignored.  
A l l  of t h e  gases  w e r e  used without  f u r t h e r  p u r i f i c a t i o n  and had t h e  
fo l lowing  s t a t e d  p u r i t i e s :  
0, - 99.95%, N, - 99.99?$, H, - 99.997$, and CO - 99.5%. 
Ar - 99.998%, He - 99.995%, (202 - 99.99$, 
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RESULTS AND DISCUSSION 
A .  O ( 3 P )  Quantum Yield from CO, 
Our previous measurements6 of the O ( 3 P )  quantum yield from CO, 
photolysis at 1470 A, using NO, chemiluminescence as an O(3P)  monitor, 
gave a value of 0.97 & 0.05. For reasons mentioned earlier, it was 
considered desirable to repeat the experiment in a pure CO, system. 
As in the earlier work, the measurements were made relative to 0,) for 
which it is well substantiated that the processes taking place upon 
photodissociation in the Schurnan-Runge continuum are 
and 
so that the quantum yield of O(3P)  in a pure 0, system may be taken as 
2.0. 
The primary data f o r  the quantum yield determination are the in- 
tensity of O ( 3 P )  resonance fluorescence as a function of CO, and 0, 
pressures. This is shown in Fig. 2, with the CO, intensities multi- 
plied by 10. To this data a number of corrections must now be made re- 
lated to the O(3P) lifetime in the system and the screening of 1304 i 
radiation by 0, and CO,. 
The fluorescence intensity is a relative measure of the O ( 3 P )  atom 
production rate only as long as the O(3P)  loss  rate is constant. For 
this reason, it is not possible to compare the intensities of the two 
curves in Fig. 2 without being certain that they are referred to the 
same O ( 3 P )  loss rate. The loss  rate of O(3P)  atoms in this system is 
6 
p r i n c i p a l l y  determined by i n t e r a c t i o n  a t  t h e  w a l l s .  C e r t a i n l y  t h e  c02 
environment i s  i n e r t  t o  O ( 3 P ) ,  and t h e  three-body 0 + 0, + M recombin- 
a t i o n  r a t e  i s  q u i t e  slow compared t o  t h e  measured t i m e  c o n s t a n t s  (100- 
400 msec), a s  i s  t h e  cel l  pump-out t i m e  of 1-2 sec. Therefore ,  in ten-  
s i t y  measurements w i l l  reflect  changes i n  t h e  wa l l  cond i t ions ,  which i s  
an annoyance s i n c e  t h e  w a l l  recombination r a t e  i s  a r a t h e r  uncon t ro l l ed  
func t ion  of t h e  c e l l  h i s t o r y  and t h e  gases  p r e s e n t  dur ing  an experiment .  
Such a problem i s  avoided w i t h  t h e  NO, chemiluminescence technique ,  
s i n c e  s u f f i c i e n t  NO can be added t o  make t h e  O(3P)  atom los s  a t  t h e  
w a l l s  unimportant  compared t o  t h e  volume loss .  
The ce l l  dep ic t ed  i n  F ig .  1 has  a p a t h  l e n g t h  f o r  1304 d r a d i a t i o n  
of approximately 30 om; over  t h i s  d i s t a n c e  t h e  l i g h t  can be absorbed by 
0, or CO, . For 02, t h e  average  abso rp t ion  c o e f f i c i e n t  between 1302 and 
1306 )i a t  300°K, a s  measured by Watanabe, -- et a l .  l 5  
our measurements, i s  9.7 cm-’ atm-l. For COZY t h e  abso rp t ion  c o e f f i c i -  
e n t  i s  t o o  d iscont inuous  i n  t h e  1300 d reg ion  t o  u s e  publ ished va lues ,  
s o  the r equ i r ed  CO, va lue  was obta ined  by observ ing  t h e  a t t e n u a t i o n  of 
1302-1306 d r a d i a t i o n  s c a t t e r e d  from t h e  ce l l  wal l s ,  and comparing it 
and confirmed by 
w i t h  t h e  a t t e n u a t i o n  observed w i t h  0,. F i g u r e  3 shows t h e  d a t a ,  p l o t t e d  
cO,’DO, a s  l i g h t  a t t e n u a t i o n  vs  p re s su re ,  and t h e  r e s u l t i n g  r a t i o  of cr 
g ives  a va lue  f o r  t h e  average  CO, c o e f f i c i e n t  f o r  t h e  three l i n e s  of 
20.0 c m - l  a t m - l .  
u s ing  t h e  30-cm path  l eng th ,  and appears  a s  curve A i n  F ig .  4 f o r  CO, 
and i n  F ig .  5 f o r  0,. 
A c o r r e c t i o n  f a c t o r  t o  t h e  d a t a  may then be c a l c u l a t e d  
I n  o rde r  t o  keep t h e  c o r r e c t e d  d a t a  l i n e a r  over  t he  0 t o  0.3 t o r r  
range shown i n  F ig .  2, i t  i s  necessary  t o  pu t  i n  a c o r r e c t i o n  f o r  t h e  
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f a c t  t h a t ,  p a r t i c u l a r l y  f o r  O, t h e  measurements a r e  made w e l l  beyond 
t h e  l i n e a r  abso rp t ion  range.  The r equ i r ed  f a c t o r  i s  given by pOa/[l - 
exp(-poa)], where o = 14 cm-', and k = 24 c m .  
The va lue  f o r  CJ i s  from Watanabe, e t  a1.,15 t h e  va lue  f o r  O i s  a 
recent measurement by Inn , lg  and t h e  r a t i o  CJ 
t h a t  found from an experiment analogous t o  t h a t  shown i n  F ig .  3, per- 
formed wi th  s c a t t e r e d  1470 l i g h t  (F ig .  6 ) .  These c o r r e c t i v e  f a c t o r s  
= 320 cm-' atm-I, o 
0 2  CO, 
CO, -- 0 2  
/O = 23 i s  e x a c t l y  
0 2  CO, 
a r e  shown a s  curve B i n  F i g s .  4 and 5. 
For O, a c o r r e c t i o n  i s  r equ i r ed  f o r  t h e  f a c t  t h a t  t h e  O(3P)  loss 
r a t e  i s  i nc reased  a s  0, i s  added, due t o  t h e  r e a c t i o n  O(3P)  + 0 2  + A r  4 
0, + A r ,  t h e  r a t e  f o r  which has  been measured i n  t h i s  s y s t e m 1 6  a s  4 .4  X 
c m 6  molec', sec-l. The r equ i r ed  f a c t o r  depends on t h e  O ( 3 P )  l i f e -  
t i m e  i n  t h e  s y s t e m  a t  t h e  t i m e  t h e  d a t a  i n  F ig .  2 were taken.  T h i s  
va lue  was 120 msec, measured wi th  0 .1  t o r r  0, and 10 t o r r  A r ,  and t h e  
c o r r e c t i o n  f a c t o r  i s  g iven  a s  curve D i n  F ig .  5 .  
One f u r t h e r  c o r r e c t i o n  i s  r equ i r ed  f o r  CO,, and it i s  t h e  h a r d e s t  
t o  a s s e s s .  Our d a t a  show t h a t  t h e  l i f e t i m e  of an O ( 3 P )  atom i s  s ig -  
n i f i c a n t l y  longer  i n  0, than  i n  CO,, a t  low p r e s s u r e s  where t h e  0 + 0, 
+ M recombination i s  unimportant ,  and t h i s  appears  t o  be due e n t i r e l y  
t o  t h e  e f f e c t  of t h e s e  gases  on t h e  wa l l  recombinat ion c o e f f i c i e n t .  W e  
have a l s o  noted t h a t  a f t e r  NO has  flowed through t h e  sys t em,  t h e  O(3P)  
l i f e t i m e  becomes much longer ,  an e f f e c t  observed i n  o t h e r  experiments., '  
Conversely,  CO o f t e n  has  t h e  oppos i t e  e f f e c t ,  making O(3P)  wal l  l o s s  
r a t e s  much f a s t e r . , '  Table  I shows how t h e  O ( 3 P )  l i f e t i m e  v a r i e s  under 
d i f f e r e n t  c o n d i t i o n s ;  t h e  two s e t s  of d a t a  w e r e  t aken  on d i f f e r e n t  days, 
and i n  the chronologica l  o r d e r  shown. 
T a b l e  I 
EFFECT OF OPP)  SOURCE ON OPP) LIFETIME 
CCO, I lo, 1 L i f e t i m e  
0 40 mtorr  167 msec 
0.3 torr 0 13 4 
0 50 mtorr  169 
0.6 t o r r  0 14 3 
1.5 t o r r  0 168 
0 0 .2  t o r r  183 msec 
0 .1  torr 0.2 t o r r  177 
0.2 torr 0.2 t o r r  179 
0.3 torr 0.2 torr 18 1 
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From these f i g u r e s  i t  may be seen  t h a t  there a r e  two e f f e c t s  ap- 
pea r ing  i n  t h e  CO, d a t a ;  a t  minimum pres su res ,  t h e  l o s s  r a t e  i n  CO, i s  
f a s t e r  t han  i n  O,, and i n c r e a s i n g  t h e  CO, p r e s s u r e  i n c r e a s e s  t h e  O ( 3 P )  
l i f e t i m e .  The former e f f e c t  i s  c e r t a i n l y  r e l a t e d  t o  t h e  s u r f a c e  con- 
d i t i o n ,  bu t  t h e  l a t t e r  could involve  e i t h e r  t h e  s u r f a c e  cond i t ion  or 
d i f f u s i o n a l  phenomena. That  d i f f u s i o n  i s  appa ren t ly  not  involved i s  
i n d i c a t e d  by t h e  second set of d a t a  i n  Table  I, which shows t h a t  i n  t h e  
presence  of 0.2 torr  O,, t h e  O ( 3 P )  l i f e t i m e  i s  independent  of CO,. 
c a l c u l a t e  a c o r r e c t i o n  f a c t o r ,  it i s  necessary  t o  e x t r a p o l a t e  t h e  l i f e -  
t i m e  i n  CO, t o  z e r o  CO, and then  r e l a t e  both t h e  0, and CO, d a t a  t o  a 
base l i f e t i m e  of 120 msec a t  z e r o  O,, t h e  0, s y s t e m  l i f e t i m e  p e r t a i n i n g  
t o  t h e  experiment of F ig .  2 .  A 125 msec l i f e t i m e  (8.00 sec-' t i m e  con- 
s t a n t )  i s  a reasonable  e x t r a p o l a t i o n  of t h e  CO, d a t a ,  g iv ing  a va lue  
2.05 sec-l g r e a t e r  than  t h e  va lue  a t  low 0, (168 msec). 
an 0, va lue  of 8.33 sec" (120 msec) then  g i v e s  a z e r o  CO, va lue  of 
8.33 -k 2.05 = 10.38 sec-l, and a va lue  a t  0 .3  t o r r  CO, of 10.38 - 1000 
(1/125 - 1/134) = 9.84 sec-l. The c o r r e c t i o n  curve  r e s u l t i n g  from t h i s  
admi t ted ly  c rude  c a l c u l a t i o n  is  shown a s  curve  C i n  F ig .  4 .  
To 
Normalizing t o  
Curve E i n  F igs .  4 and 5 shows t h e  t o t a l  c o r r e c t i o n s  t o  be app l i ed  
t o  t h e  d a t a  of F ig .  2, and, when t h i s  i s  done, t h e  p l o t s  of F ig .  7 re- 
s u l t .  
r a t i o  
r a t i o  
s lope  
I f  t h e  O(3P) quantum y i e l d  from CO, i s  u n i t y ,  then t h e  expected 
where t h e  abso rp t ion  c o e f f i c i e n t  o,'%co, of t h e  s l o p e s  i s  2 X 0 
r e f e r s  t o  1470 A r a d i a t i o n  and has  t h e  v a l u e  of 23. The measured 
r a t i o  ( t h e  dotteci l i n e s  show t h e  d e v i a t i o n  of t h e  curves from 
l i n e a r i t y )  i s  46, a c l e a r  i n d i c a t i o n  t h a t  t h e  most probable  va lue  f o r  
t h e  O(3P) quantum y i e l d  i s  1.0,  confirming our  prev ious  obse rva t ions .  
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The greatest source of error is obviously the lifetime correction 
in the CO, case. The other principal uncertainties are the appropriate 
path lengths for the 1304 and 1470 radiation, which would require 
careful lamp and photomultiplier collimation to minimize. However, 
only the lifetime correction is required to compare the initial slopes 
of the data in Fig. 2. The initial slope ratio is 57.5, or 1.25 times 
the corrected value of 46, which is exactly the total correction re- 
quired by curve E in Fig. 4. The linearity of the 0, plot, which in- 
volves a maximum O ( 3 P )  concentratioh of about 2 x 10l1 atom/cm3, shows 
that the optical depth for the 01 resonance radiation is still small 
and that the average absorption coefficient is less than lo6  cm" atm-l, 
an indication that the lines are partially reversed. Error  limits of 
*lo$ should be set on the quantum yield determination, but there is 
little reason to believe the value to be other than unity. It naturally 
follows that the CO quantum yield is also 1.0, in contrast to the value 
of 0.27 obtained by Ung and Schiff.' 
This experiment shows rather clearly that whatever problem there 
is in measuring the 0, quantum yield does not develop until after O(3P> 
is formed in the system. Various experiments have shown that diffusion 
to the walls plays an important role in determining the 0, yield, and 
we believe the indications are now strong that the O2 loss is due en- 
tirely to absorption of O ( 3 P >  on the cell walls. It should be noted 
that the low buffer gas pressure conditions used for obtaining the data 
in Fig. 2 are just the conditions required for observing very low O,/CO 
ratios. Experiments of Felder, et a1." have a l so  shown that CO is ab- 
sorbed on the walls during CO, photolysis; after the photolysis experiment 
11 
empty c e l l  y i e l d s  CO (detectcd by resonance f luo rescence )  . 
B. O('D) Deac t iva t ion  Rates  
T h e  O('D) d e a c t i v a t i o n  r a t e  by CO, i s  no longe r  i n  s e r i o u s  doubt,  
bu t  measurements r e l a t i v e  t o  t h e  r a t e s  for H, and N, were c a r r i e d  ou t  
t o  see how w e l l  resonance f luo rescence  measurements would ag ree  w i t h  
t h e  q u i t e  complex NO, chemiluminescence method used previous ly .  
O('D> was genera ted  from CO, by 1470 pho to lys i s ,  and t h e  O ( 3 P >  
resonance f luo rescence  i n t e n s i t y  was measured a s  a func t ion  of H,, a 
molecule known t o  r e a c t  w i t h  ( b u t  n o t  d e a c t i v a t e )  0 ( 1 D ) . 6 ~ 8  The two 
competing r e a c t i o n s  a r e  
and 
O ( l D )  + H, % OH + H. (4 
The O(3P> l o s s  mechanisms a r e  wal l  recombinat ion and poss ib ly  r e a c t i o n  
w i t h  H,: 
O(3P)  + H2 % OH + H. ( 5 )  
The l a t t e r  i s  a slow r e a c t i o n ,  having a r a t e  constantz30f <lo-'' cm3 
molec-' s ec - l  and can be expected t o  have a n e g l i g i b l e  e f f e c t  on t h e  
O(3P> l o s s  r a t e  f o r  t h e  H, concen t r a t ions  used. 
A s t e a d y - s t a t e  t r ea tmen t  of t h e  s y s t e m  (measurements were aga in  
made wi th  t h e  l a r g e  nonpulsed lamp) shows t h a t  t h e  expected i n t e n s i t y  
a t t e n t u a t i o n  upon H, a d d i t i o n  i s  g iven  by 
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assuming t h a t  t h e  a d d i t i o n  of Hz does n o t  change t h e  O ( 3 P >  l o s s  r a t e  by 
e i the r  volume or s u r f a c e  processes .  
i n  F ig .  8, and i t  may be  seen t h a t  t hey  a r e  indeed s t r a i g h t  l i n e s ,  con- 
forming t o  Eq. 6.  However, an anomaly i s  encountered when O(3P) decay 
t i m e  measurements a r e  made under t h e  same cond i t ions ,  because there i s  
some e f f e c t  of H, on t h e  decay t ime;  for t h e  curve a t  1.54 t o r r  COZY 
t h e  O ( 3 P )  l o s s  r a t e  i s  inc reased  by 4 0 %  by 2 . 5  t o r r  H,. 
this e f f e c t  does n o t  appear  a s  upward c u r v a t u r e  i n  t h e  p l o t s  of F ig .  8 
(corresponding t o  a second t e r m  i n  H, i n  Eq. 6) imp l i e s  t h a t  there i s  
an a d d i t i o n a l  product ion  of O(3P> a s s o c i a t e d  w i t h  H, add i t ion ,  ba l anc ing  
t h e  inc reased  l o s s  r a t e .  I t  i s  d i f f i c u l t  t o  imagine a volume p rocess  
involv ing  OH or H i n  a CO,-H, system t h a t  could l e a d  t o  a s i g n i f i c a n t  
O(3P> product ion  source,  and, again,  s u r f a c e  phenomenon a r e  more l i k e l y  
t o  provide  an explana t ion .  
f a c e  of t h e  r e a c t i o n  v e s s e l  involves  approximately 10" atoms. The 
pho tod i s soc ia t ion  r a t e  i s  molecules/sec.  The a d d i t i o n a l  O(3P) 
product ion  r a t e  r equ i r ed  t o  ba lance  t h e  increased  O ( 3 P >  loss  r a t e  i s  
P l o t s  of Io/I v s  [H,] a r e  presented  
The f a c t  t h a t  
A monolayer of O(3P) atoms cover ing  t h e  sur-  
atoms/sec. Obviously, any p rocess  t h a t  s l i g h t l y  d i s t u r b s  t h e  ab- 
sorbed O(3P> monolayer (even assuming only 1s coverage) could cause  t h e  
observed e f f e c t .  One p o s s i b i l i t y  i s  t h a t  H atoms could d i s p l a c e  0 atoms 
from t h e  s u r f a c e .  Another p o s s i b i l i t y  i s  t h a t  t h e  process  H + 0 + 0 -, 
OH + 0 could t a k e  p l a c e  on t h e  su r face ,  wi th  t h e  0 atom being e j e c t e d  
back i n t o  the system. I t  i s  n o t  easy t o  e v a l u a t e  t h e s e  specu la t ions ,  
and f u r t h e r  s tudy i s  r e a l l y  r equ i r ed  t o  c l a r i f y  t h e  obse rva t ions .  
From Eq. 6 i t  may be seen  t h a t  t h e  r e c i p r o c a l  s l o p e s  of t h e  d a t a  
of F ig .  8, when p l o t t e d  a g a i n s t  [CO,], should g i v e  a l i n e  w i t h  s l o p e  
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k1/k2.  F igu re  9 shows such a l i n e ,  and it i s  indeed s t r a i g h t ;  more 
d n t a  arc i~itliic~ctl than appear i n  Pigs.  8 .  Tlic s l o p c  of tlic l ine i s  0.78, 
comyarcd t o  tlie p rev ious ly  detcimined range 01 va luesG 01 0.77-1.2 and 
t h e  va lue  determined by Paraskevopoulos and CvetanoviL8 of 0.50. 
The d e a c t i v a t i o n  r a t e  cons t an t  f o r  N, was then  measured t o  d e t e r -  
For a CO, p r e s s u r e  of 0.23 t o r r ,  S t e rn -  mine a new va lue  f o r  s2 /kco , .  
Volmer p l o t s  of I,/I v s  [H,] were made f o r  v a r i o u s  N, p r e s s u r e s .  
system i s  then  descr ibed  by a mod i f i ca t ion  of Eq. 6 .  
The 
I,/I = 1 + k2 CH, 1 
kl[CO,] + k4CN21' (7) 
where k4 i s  t h e  r a t e  cons t an t  f o r  t h e  r e a c t i o n  
P l o t s  of I,/I vs  [H,] a r e  aga in  l i n e a r ,  a s  shown i n  F ig .  10. 
c i p r o c a l  s l o p e s  vs  [N,] a r e  p l o t t e d  i n  F ig .  11, g i v i n g  a l i n e  w i t h  
The re- 
s l o p e  k4/k2 equal  t o  0.20. k2 . k4 
k l  k z '  
Since  k,/k, = - - 
%2/kC0, 
t h e  va lue  of 
i s  0.26, compared t o  our  e a r l i e r  va lue  of 0.22. There a r e  now s i x  de- 
t e rmina t ions  of t h i s  a l l  conta ined  w i t h i n  the  v a l u e  0.26 rt 
of 5-10 X cm3 0.04. Based on t h e  p r e s e n t  range of v a l u e s  f o r  
s2 
moles" sec", t h e  va lue  f o r  k i s  then  3fl X 10-l' cm3 mo1ec-l sec-l. 
CO, 
The problem of t h e  v a r i a t i o n  of t h e  O(3P) l o s s  r a t e  w i t h  H, addi- 
t i o n  presumably e n t e r s  i n t o  t h e  N2 d a t a  a s  w e l l  and can be expected t o  
a s  i s  i n d i c a t e d  by t h e  agree- cancel  ou t  i n  an e v a l u a t i o n  of 
ment between our va lue  and t h e  o t h e r s .  
r a t e  i s  s t i l l  u n c e r t a i n  by a f a c t o r  of -2 and can be g iven  a v a l u e  of 
4 i1 .5  X 10-l' c m 3  molec" sec- l .  
s2/kc02 ' 
We b e l i e v e  t h a t  t h e  O( lD)-H2 
I t  should be poin ted  o u t  t h a t  t h e  pos- 
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s i b i l i t y  of a s i g n i f i c a n t  f r a c t i o n  of the i n i t i a l  CO, pho tod i s soc ia t ion  
g iv ing  O(3P)  d i r e c t l y  i s  r u l e d  ou t  by t h e  l i n e a r i t y  of t h e  p l o t s  i n  
F igs .  8 and 10. If t h i s  were t o  occur ,  t h e  s i g n a l  a t t e n u a t i o n  would 
fo l low t h e  r e l a t i o n s h i p  
where A i s  t h e  f r a c t i o n  of pho tod i s soc ia t ion  g i v i n g  O(,P) d i r e c t l y ,  and 
t h i s  
C. 
express ion  i s  n o t  l i n e a r  i n  [H,]. 
The Search f o r  CO, 
One of t h e  c u r r e n t  theor ies ' ,  t o  exp la in  t h e  low l e v e l  of O(,P) 
and CO i n  t h e  atmospheres of Venus and Mars i s  t h a t  CO, i s  formed i n  a 
two-body r e a c t i o n  fo l lowing  pho tod i s soc ia t ion  by 
,e 
O('D) + CO, *CO, -4 CO, + hv (10) 
and t h a t  CO, r egene ra t ion  then occur s  q u a n t i t a t i v e l y  by 
CO, + co % 2~0,. (11) 
The reason f o r  proposing such a scheme i s  t h a t  t h e  normal three-body re- 
combination, 
o ( 3 ~ )  + co + M 9 eo, + M, (12) 
i s  t o o  slow,z1 a s  a r e  va r ious  c a t a l y t i c  schemes invo lv ing  OH and HOz, 
which a l s o  involve  three-body s t e p s .  I t  appears  t h a t  eddy d i f f u s i o n  
r a t e s  would have t o  be  enormous t o  b r i n g  O(3P) and CO down t o  low enough 
a l t i t u d e s  quick ly  enough f o r  t h e  three-body mechanisms t o  become opera- 
t i v e  i n  main ta in ing  the  observed low concen t r a t ions .  
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Various laboratory studies dealing with CO, have been reported. 
The original observation of Moll, et ala2' have since been confirmed by 
Weissberger, -- et a1.26 and Arvis,27 but so far the only identification 
of the molecule purported to be CO, has been by IR absorption in ma- 
-- 
trices; attempts to characterize it by mass spectrometry, ESR, or gas- 
phase IR absorption have been unsuccessful. 
The minimum requirements for the CO, scheme to be practical are 
that the two-body recombination reaction (reaction 10) takes place at 
the measured O('D) loss rate, with a constant of -3 X lo-' cm3 moles-' 
sec-', that stabilized CO, be-inert to collisions with CO,, and that 
reaction 11 have a rate fast enough to prevent both CO buildup and com- 
petition with the analogous O(,P)  reaction 
o(,P) + co, -+ CO, + 0,. (13) 
The idea that a two-body recombination reaction can take place at 
every collision goes against all experience from kinetic studies, even 
for thermalized reactants. 
O('D) can have as much as 0 . 5  eV kinetic energy, depending on the de- 
gree of vibrational excitation of the CO, and it is inconceivable that 
4k under such conditions every collision with CO, will result in a CO, 
molecule stable for at least lo5 vibrations (the minimum time required 
for emission of a photon). 
In the photolysis of CO, at 1470 A, the 
Nevertheless, if it is granted that CO, can somehow be formed, 
there is certainly no indication fromthe quantum yield data that it has 
a long enough lifetime in the system to be pumped out; this is, how- 
ever, not a significant test, because wall collisions could well de- 
compose the CO, to CO, -t O( ,P) .  
the addition of CO to CO, during photolysis. If reaction talres place, 
then the O(,P)  quantum yield should decrease drastically, as CO, would 
then react via reaction 11, and O(,P) would not be regenerated. 
of an effect would indicate that reaction 11 is much slower than the 
diffusion time to the walls (or that CO, is not produced). 'Table I1 
presents the results of time decay measurement in which CO was added 
to CO, during photolysis. 
A more revealing experiment involves 
Lack 
Table I1 
EFFECT OF co ON o ( 3 ~ )  PRODUCTION RATE FROM co, 
Fluorescence 0 Intensity/ 
A r  Intensity Lifetime Lifetime -co cq, -
0 . 6  torr 0 10 torr 15.4 units 515 msec 29.9 
0.G torr 50 mtorr 10 torr 15.9 458 34.7 
0.6 tory 0 10 torr 16.2 473 34.3 
0.5 torr 0 30 mtorr 10.0 units 268 msec 37.3 
0 . 5  torr 0 0 11.3 279 40.3 
0.5 torr 30 mtorr 0 8 -8 273. 32.2 
The time constants are much shorter in the absence of a buffer 
gas, demonstrating the effect of diffusion. This set of measurements 
shows longer time constants than the comparable data of Table I, a re- 
sult of the intervening history of the cell. A s  discussed in an earlier 
paper,21 under certain conditions the wall loss coefficient for O(3P> 
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atoms i s  increased  i n  a semipermanent manner by CO. However, f o r  t he  
s m a l l  amounts of CO added i n  the experiments  of Table  11, t h i s  e f f e c t  
i s  appa ren t ly  no t  opera t ing ,  because the t i m e  c o n s t a n t s  a r e  r ep roduc ib le .  
The parameter  of i n t e r e s t  i s  t h e  product ion r a t e  of O ( 3 P >  atoms 
and i t s  v a r i a t i o n  w i t h  CO. The s t e a d y - s t a t e  i n t e n s i t y ,  g iven  i n  t h e  
t a b l e ,  i s  r e l a t e d  t o  two f a c t o r s ,  g iven  t h a t  t h e  X e  lamp i n t e n s i t y  i s  
cons t an t .  These a r e  t h e  O(3P) l o s s  r a t e  ( t h e  r e c i p r o c a l  of t h e  l i f e -  
t i m e )  and t h e  s c reen ing  e f f e c t  of CO f o r  t h e  01 and X e  r a d i a t i o n .  The 
CO abso rp t ion  c o e f f i c i e n t  f o r  X e  resonance r a d i a t i o n 2 *  i s  0.18 ern-', 
and t h u s  of no concern.  The O(3P> product ion  r a t e ,  P, i s  then  given by 
I 
p = -  7 (1 - f )  
where f i s  t h e  f r a c t i o n  of t h e  1302-1306 A r a d i a t i o n  absorbed by 
i s  the f luo rescence  i n t e n s i t y ,  and T i s  t h e  O ( 3 P )  l i f e t i m e .  The 
co, I 
f a c t o r  
f can be approximated from t h e  d a t a  of F ig .  3, which i n d i c a t e s  t h a t  30- 
50 mtorr .  
However, measuring t h e  a t t e n u a t i o n  of t h e  t o t a l  s c a t t e r e d  1302-1306 
l i g h t  i s  no t  e x a c t l y  equ iva len t  t o  de te rmining  t h e  a t t e n t u a t i o n  by CO 
of t h e  resonance r a d i a t i o n  s c a t t e r e d  from O(3P) atoms. Th i s  i s  be- 
cause the CO abso rp t ion  i s  no t  due t o  a continuum, b u t . t o  t h e  CO(A1n + 
X 1 f >  f o u r t h - p o s i t i v e  system, so t h a t  t he  CO abso rp t ion  c o e f f i c i e n t  f o r  
t h e  01 r a d i a t i o n  may be d i f f e r e n t  f o r  each s p e c t r a l  l i n e .  
CO causes  only 1-2% a t t e n u a t i o n  of t h e  01 lamp r a d i a t i o n .  
F igu re  12 shows the a t t e n u a t i o n  of each 01 l i n e  by CO, t h e  l i n e s  
being d i spe r sed  by a 0.5 meter Ja r r e l l -Ash  vacuum monochromator, and it  
i s  obvious t h a t  t h e  behavior  of t h e  1306 A l i n e  i s  q u i t e  d i f f e r e n t  from 
t h a t  of t h e  o t h e r  two. 
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A comparison of t h e  01 t r i p l e t  wavelengths and t h e  t r a n s i t i o n s  
t a b u l a t e d  by Simons, e t  a1.29 f o r  t h e  CO system show t h e  fo l lowing  
c l o s e s t  energy matches (Table  111), a l l  f o r  t h e  CO(A1n +- X'C'') 9,0 
band. 
Table  I11 
BEST ENERGY MATCHES BETWEEN 01 LINES 
AND CO FOURTH-POSITIVE TRANSITIONS 
Oxygen Line  AE (cm") Ro ta t iona l  Number 
1302 3.48 6 (P-branch) 
1305 d 1.64 19 (&-branch) 
1306 0.21 22 (&-branch) 
The c l o s e  resonance of t h e  1306 H l i n e  wi th  t h e  J = 22 CO l i n e  (one 
Doppler width a t  300'K) i s  r e f l e c t e d  i n  t h e  behavior  of t h e  1306 
i n  F ig .  12, and it may be p red ic t ed  t h a t  a h igh  r e s o l u t i o n  examination 
of t h e  1302-1306 A oxygen r a d i a t i o n  t h a t  has  been observed i n  t h e  Mar- 
t i a n  atmosphere3' w i l l  show a d e p l e t i o n  i n  t h e  1306 l i n e .  It  i s  
worth n o t i n g  t h a t  s i m i l a r  a t t e n u a t i o n  measurements wi th  CO, and 0, for 
each 01 l i n e  do n o t  show any cu rva tu re  a s  i n  F ig .  12, i n d i c a t i n g  l a c k  
of such f i n e  s t r u c t u r e  i n  t h i s  wavelength r eg ion  f o r  t h e  two molecules .  
l i n e  
A s  t h e  CO abso rp t ion  c o e f f i c i e n t  i s  d i f f e r e n t  f o r  each 01 l i n e ,  
u s ing  t h e  d a t a  of F i g ,  3 i s  only s t r i c t l y  c o r r e c t  i f  t h e  1302:1305: 
1306 r a t i o  i s  t h e  same f o r  t h e  lamp r a d i a t i o n  and t h e  r e sonan t ly  
s c a t t e r e d  r a d i a t i o n .  For  t h e  o p t i c a l l y  t h i n  c o n d i t i o n s  i n  t h e  absorp- 
t i o n  c e l l ,  t h e  r a t i o  w i l l  be t h e  s t a t i s t i c a l l y  determined v a l u e  of 
5:3:1, bu t  t h e  same w i l l  no t  hold t r u e  i n  t h e  lamp, a s  t h e  o p t i c a l  
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thickness was not as carefully controlled as in the experiments 01 
Parlies, -- et 
value can be used, as it will lead to a maximum rate constant for k,. 
Thus, p -I/T, and the data in Table I1 shows a maximum O(,P) production 
However, for present purposes the 1-2% attenuation 
I rate decrease of -15%. Attributing this all to reaction 11, and as- 
suming that CO, is destroyed at each wall collision, we may conclude 
that 7;' = 7k,[~0). 
mum value for Ir, of 
3 X lo5  collisions with CO are required before reaction, and in the 
Martian atmosphere, where the CO mixing ratio3, is about CO, will 
undergo at least 3 x lo9 collisions before reaction. At an altitude 
where the pressure is 1 mtorr, and the collision rate is roughly 3 X lo3 
collisions/sec, the CO, lifetime will then be at least l o 6  sec. 
consequence of such a long lifetime against reaction with COY CO, will 
build up to high concentrations which will be balanced by destruction 
by photolysis and CO, + CO, reaction, neither of which will be useful 
in stopping the buildup of CO produced by CO, photodissociation. There- 
fore, the CO, hypothesis does not appear to be helpful in explaining 
the Mars and Venus atmospheres. It may of course be argued that the 
present experiments do not duplicate the planetary atmosphere condi- 
tions, in that whereas O('D)-CO, interaction may lead to an excited 
COE which can stabilize itself by radiation in the atmosphere, at the 
pressure required in the laboratory (to prevent wall deactivation) col- 
lision with Ar o r  CO, will lead to dissociation (CO, + M -, CO, + 0 + M). 
Similar reasoning to explain the lack of any hard evidence for CO, may 
be continued indefinitely, but it is probably more useful to explore 
A diffusion time of -100 ms then leads to a maxi- 
cm3 moles-' sec-'. This means that at least 
As a 
-N 
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other avenues a s  a n  exp lana t ion  Tor the problems posed by Lllc p lane ta  1-y 
atmospheres.  I t  i s  worth remembering t h a t  a c e r t a i n  impetus was g iven  
t h e  CO, hypo thes i s  by t h e  c o n f l i c t i n g  obse rva t ions  of t h e  O('D) d e a c t i -  
v a t i o n  r a t e  by C0,.33 A s  t h i s  i s  now reso lved ,  t h e r e  i s  no l o n g e r  any 
j u s t i f i c a t i o n  based on l a b o r a t o r y  evidence t o  make f u r t h e r  i nves t iga -  
t i o n s  i n t o  a p o s s i b l e  r o l e  f o r  CO,. 
A phenomena t h a t  does r e q u i r e  f u r t h e r  s tudy i s  t h e  very r a p i d  O(,P)  
l o s s  t h a t  occurs  on t h e  w a l l s  of a v e s s e l  a f t e r  CO h a s  been photolyzed 
o r  d i scharged  i n  i t ,  Such an e f f e c t  sugges t s  t h a t  a t  any a l t i t u d e  i n  
t h e  p l a n e t a r y  atmospheres where a e r o s o l s  or p a r t i c u l a t e  ma t t e r  may be 
p resen t ,  t h e y  may a c t  a s  t r a p s  f o r  CO, and subsequent c o l l i s i o n s  of 
these p a r t i c l e s  w i th  O(,P> could then  cause very e f f i c i e n t  CO, recombi- 
na t ion .  I n  e f f e c t ,  t h e  three-body recombination p rocess  would be  re- 
p laced  by two two-body r e a c t i o n s ,  where t h e  in t e rmed ia t e  s p e c i e s  i s  
s t a b l e .  T h i s  process  could probably n o t  be o p e r a t i v e  i n  t h e  tenuous 
upper atmosphere of Mars but  might become important  a t  i n t e r m e d i a t e  
a l t i t u d e s  be fo re  normal chemical p rocesses  could begin  t o  account f o r  
t h e  recombination r a t e .  
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CONCLUSIONS 
The important results of this investigation are: 1) The quantum 
yield of O(,P)  from CO, photolysis at 1470 
unity, and by implication, the initial O('D) and CO quantum yields are 
also unity. 
be of the same magnitude as previously measured and occurs at every 
collision. 3) No evidence has been discovered for CO, as an inter- 
mediate species in CO, photolysis, and, of particular importance, there 
is no indication that the reaction CO, + CO + 2C0, is of any signifi- 
cance, even if CO, is formed 4) The study of surface interactions 
involving CO and O(,P)  may be an important area of investigation. 
has been established as 
2) The rate of O('D) deactivation by CO, has been found to 
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